NuSTAR and XMM-Newton observations of the ultraluminous X-ray source NGC 5643 X-1 by Krivonos, Roman & Sazonov, Sergey
MNRAS 000, 1–8 (0000) Preprint 29 August 2016 Compiled using MNRAS LATEX style file v3.0
NuSTAR and XMM-Newton observations of the
ultraluminous X-ray source NGC 5643 X-1
RomanKrivonos1? and Sergey Sazonov1,2
1Space Research Institute of the Russian Academy of Sciences, Profsoyuznaya Str. 84/32, 117997 Moscow, Russia
2Moscow Institute of Physics and Technology, Institutsky per. 9, 141700 Dolgoprudny, Russia
29 August 2016
ABSTRACT
We present a high-quality hard X-ray spectrum of the ultraluminous X-ray source
(ULX) NGC 5643 X-1 measured with NuSTAR in May–June 2014. We have obtained
this spectrum by carefully separating the signals from the ULX and from the active
nucleus of its host galaxy NGC 5643 located 0.8 arcmin away. Together with long
XMM-Newton observations performed in July 2009 and August 2014, the NuSTAR
data confidently reveal a high-energy cutoff in the spectrum of NGC 5643 X-1 above ∼
10 keV, which is a characteristic signature of ULXs. The NuSTAR and XMM-Newton
data are consistent with the source having a constant luminosity ∼ 1.5 × 1040 erg
s−1 (0.2–12 keV) in all but the latest observation (August 2014) when it brightened
to ∼ 3 × 1040 erg s−1. This increase is associated with the dominant, hard spectral
component (presumably collimated emission from the inner regions of a supercritical
accretion disk), while an additional, soft component (with a temperature ∼ 0.3 keV
if described by multicolor disk emission), possibly associated with a massive wind
outflowing from the disk, is also evident in the spectrum but does not exhibit significant
variability.
Key words: accretion, accretion discs – galaxies: individual: NGC 5643 – X-rays:
binaries – X-rays: individual: NGC 5643 X-1.
1 INTRODUCTION
Ultraluminous X-ray sources (ULXs) are point-like X-ray
sources located in extra-nuclear regions of nearby galaxies
with observed X-ray luminosities exceeding the Eddington
limit of & 1039 erg s−1 for ∼ 10M black holes. Recently, ev-
idence has been growing, primarily from XMM-Newton high-
quality X-ray spectral and timing data (Stobbart, Roberts,
& Warwick 2006; Gladstone, Roberts, & Done 2009; Sut-
ton, Roberts, & Middleton 2013; see Feng & Soria 2011;
Roberts et al. 2016 for recent reviews), that most ULXs
are stellar-remnant black holes (with masses possibly reach-
ing ∼ 100 M Zampieri & Roberts 2009; Belczynski et
al. 2010) accreting in super-Eddington, or ‘ultraluminous’,
regime (Shakura & Sunyaev 1973; Poutanen et al. 2007).
The salient ULX feature revealed by XMM-Newton ob-
servations and witnessing in favor of super-Eddington ac-
cretion is a turndown of the X-ray spectrum above ∼ 5–
10 keV. However, as XMM-Newton operates at energies be-
low ∼ 10 keV, hard X-ray observations of ULXs were highly
anticipated to obtain better constraints on their spectra. The
? E-mail: krivonos@iki.rssi.ru
first dedicated imaging hard X-ray observations of ULXs,
namely M82 X-1 and Ho IX X-1, were performed in 2009–
2013 with the IBIS coded-mask instrument aboard INTE-
GRAL (Sazonov et al. 2014), which, in combination with
lower energy XMM-Newton data, clearly revealed a rollover
above ∼ 10 keV in the spectra of both sources. The advent of
the Nuclear Spectroscopic Telescope Array (NuSTAR) (Har-
rison et al. 2013) has opened a new era of hard X-ray obser-
vations of ULXs. Its excellent angular resolution and broad
(3–78 keV) energy response made it possible for the first
time to obtain a large set of broad-band ULX spectra (Wal-
ton et al. 2013a, 2014, 2015a,b; Mukherjee et al. 2015; Rana
et al. 2015).
The source NGC 5643 X-1 (hereafter also referred to
as X-1) in the nearby Seyfert 2 galaxy NGC 5643 is one of
the most luminous known ULXs, with the X-ray luminos-
ity of a few 1040 erg s−1. The source was recently observed
by Annuar et al. (2015) in hard X-rays with NuSTAR as
part of a campaign mainly devoted to local Compton-thick
active galactic nuclei. The hard X-ray (above 10 keV) emis-
sion from NGC 5643 X-1 was measured for the first time
and showed evidence for a high energy spectral cutoff, thus
confirming the ULX nature of the source.
c© 0000 The Authors
ar
X
iv
:1
60
8.
07
44
5v
1 
 [a
str
o-
ph
.H
E]
  2
6 A
ug
 20
16
2 Krivonos et al.
Table 1. List of X-ray observations of NGC 5643 used in this
work
Mission Date ObsID Exp. Frac.∗ Flux∗∗
(ks) (%)
XMM 2009-07-25 0601420101 54.52 87 2.32± 0.10
NuSTAR 2014-05-24 60061362002 22.46 100 2.36± 0.44
NuSTAR 2014-06-30 60061362004 19.71 100 2.45± 0.50
XMM 2014-08-27 0744050101 116.9 91 4.93± 0.15
∗ Good time fraction; ∗∗NGC 5643 X-1 (3–8 keV) unabsorbed
flux in units of 10−13 erg s−1 cm−2 (see Sect. 3 for details).
The active nucleus of NGC 5643 (hereafter also referred
to as the AGN) and X-1 are separated by 52”, which is suf-
ficent to spatialy resolve these X-ray sources with NuSTAR,
thanks to its 18” FWHM angular resolution. However, a de-
tailed spectral analysis depends on the amount of collected
X-ray photons in a given area, which is commonly expressed
in terms of a half-power diameter (HPD), enclosing half of
the focused X-rays. Due to the wide wings of the NuSTAR
PSF, the corresponding HPD reaches ∼ 60′′ (Madsen et
al. 2015), which causes partial confusion of the AGN and
ULX. Therefore, Annuar et al. (2015) restricted the spec-
trum extraction areas around both sources to circles of 20′′
radius. This, however, corresponds to only ∼30% PSF en-
closed counts (Madsen et al. 2015) and thus implies a sig-
nificant loss in sensitivity. In this work, we utilize the full
collecting power of the NuSTAR PSF to extract spatially
resolved spectra of the NGC 5643 nucleus and X-1, by ap-
plying 2D image fits to NuSTAR images in a number of nar-
row energy bands. This, together with long XMM-Newton
observations of NGC 5643 taken in 2009 and 2014, enables
us to obtain high-quality broad-band spectra of X-1.
The paper is organized as follows. In Sect. 2 we describe
the analysis of NuSTAR (Sect. 2.1) and XMM-Newton data
(Sect. 2.2). Variability and spectral analyses are presented,
respectively, in Sect. 3 and 4. The results are discussed and
summarized in Sect. 5. Following Annuar et al. (2015), we
assume a metric distance to NGC 5643 of D = 13.9 Mpc
(Sanders et al. 2003) based on the cosmic attractor flow
model described in Mould et al. (2000). We assume that
X-1 is located in the galaxy NGC 5643.
2 OBSERVATIONS AND DATA ANALYSIS
NGC 5643 X-1 was first clearly detected in archival
ROSAT/HRI observations in 1997 by Guainazzi et al.
(2004). These authors analyzed XMM-Newton observations
of the Seyfert 2 galaxy NGC 5643 taken in 2003 and found
an X-ray source located ' 0.8′ north-east of the nucleus,
which was 50 per cent brighter than the AGN. Under the
assumption that the source belongs to the NGC 5643 galaxy,
its luminosity was estimated at ∼ 4× 1040 erg s−1, classify-
ing X-1 as an ULX. New, longer XMM-Newton observations
were performed in 2009 (Matt et al. 2013) and 2014 (Pin-
tore et al. 2016). The first hard X-ray (> 10 keV) imaging
observations of NGC 5643 were carried out with NuSTAR
in 2014 by Annuar et al. (2015), who also analyzed simulta-
Table 2. Best-fit parameters for the NGC 5643 X-1 spectrum
measured with NuSTAR, modeled by a power law modified by
absoption of 1021 cm−2 (tbabs*powerlaw)
Parameter∗ NuSTAR observations
60061362002 60061362004 combined
Γ 3.06± 0.50 2.48+0.51−0.42 2.82± 0.35
F3−24 4.03± 0.75 4.34± 0.95 4.17± 0.59
χ2r /d.o.f. 1.15/13 0.94/13 1.23/13
∗The parameter F3−24 represents the 3–24 keV unabsorbed
flux in units of 10−13 erg s−1 cm−2.
neous Swift/XRT and archival XMM-Newton and Chandra
observations (Bianchi, Guainazzi, & Chiaberge 2006).
We use the NuSTAR data to constrain the high-energy
cutoff in the spectrum of NGC 5643 X-1 and the long XMM-
Newton observations of 2009 and 2014 to extend our spectral
coverage to lower energies. The dates, exposures and ObsIDs
of these observations are listed in Table. 1.
Below we describe the procedures that we used to spa-
tially separate the spectra of the NGC 5643 nucleus and X-
1 in the NuSTAR data. We also outline the standard data
analysis for XMM-Newton observations.
2.1 NuSTAR
NGC 5643 was observed with NuSTAR in 2014 in two ses-
sions separated by 37 days (Table 1). NuSTAR carries two
co-aligned twin X-ray telescopes, with angular resolution of
18” (FWHM) and HPD of ∼ 60′′, and operates in a wide en-
ergy range from 3 to 78 keV. The detector modules of each
telescope – the focal plane modules A and B (FPMA and
FPMB) – provide spectral resolution of 400 eV (FWHM) at
10 keV.
We processed the data from both modules using the
NuSTAR Data Analysis Software (nustardas) v.1.5.1 and
heasoft v6.17. The data were filtered for periods of high
instrumental background when the spacecraft passed the
South Atlantic Anomaly and for known bad/noisy detector
pixels.
After running the pipeline, we ended up with event lists
for the two NuSTAR observations with a total exposure
of 42 ks (Table 1). We performed astrometric correction
of the celestial coordinates of each incoming photon using
NGC 5643 cataloged position and the centroid position of
its AGN core in the NuSTAR images.
Annuar et al. (2015) pointed out that NGC 5643 X-1
did not show significant variability between the two NuS-
TAR observations. To independently verify this assertion,
we extracted source spectra using 2D image fitting proce-
dures, described below, in order to estimate the variability of
NGC 5643 X-1 between the two NuSTAR measurements in
2014. The spectra were approximated by a power-law model
modified by Galactic and intrinsic absorption. As the energy
response of NuSTAR is not very sensitive for measuring low
absorption columns, we fixed the total absorption column
at NH = 10
21 cm−2, which is roughly consistent with the
results of the subsequent analysis involving XMM-Newton
low-energy data. The best-fit model parameters and derived
MNRAS 000, 1–8 (0000)
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Figure 1. Left: Exposure-corrected NuSTAR mosaic image of NGC 5643 in the 3–78 keV band (May–June 2014). The image has been
adaptively smoothed with the task dmimgadapt from ciao-4.7 using a tophat kernel. Right: Combined PN/MOS1/MOS2 XMM-Newton
image of the same sky region in the 0.5–8 keV band (August 2014). The green contours denote surface brightness in 10 logarithmic steps
from 0.1Fmax to Fmax, where Fmax is the peak flux of the NGC 5643 nucleus in each image.
3–24 keV fluxes are given in Table 2. We see that within
the uncertainties the power-law slopes and inferred fluxes
are not significantly different between the two observations
and consistent with those measured by Annuar et al. (2015).
This justifies combining the two NuSTAR observations in
2014 for the following analysis. We conclude that the avail-
able data are consistent with NGC 5643 X-1 being at the
same luminosity level during both NuSTAR observations.
We further discuss the question of NGC 5643 X-1 variabil-
ity using XMM-Newton data in Sect. 3 below.
We finally combined the data from both NuSTAR ob-
servations and both NuSTAR modules into sky mosaics in
15 energy bands logarithmically covering the NuSTAR en-
ergy band of 3–78 keV. The subsequent analysis of NuSTAR
data is based on these mosaic images and the broad-band
spectra derived from them.
Fig. 1 shows the combined image of NGC 5643 in the
3–78 keV energy band. Partial confusion of the AGN and
X-1 is evident. To decouple emission from these two compo-
nents, we fitted a spatial model convolved with the NuSTAR
PSF using the sherpa package (Freeman et al. 2001), which
is part of the ciao-4.7 software (Fruscione et al. 2006). The
spatial model of the sources is represented by two 2D Gaus-
sians positioned at the NGC 5643 nucleus and X-1 cata-
loged coordinates. Following a similar analysis in Krivonos
et al. (2014), the width of the Gaussians were fixed at 4′′
FWHM, chosen to emulate the PSF smearing effect. The
amplitudes of the 2D Gaussians were free parameters. The
NuSTAR background is characterized by a spatial gradient
across the field of view, unique to each mirror module (Wik
et al. 2014). However, as a result of co-adding of the FPMA
and FPMB data and data from the two observations with
different spacecraft position angles (∆α = 40◦), the back-
Figure 2. Spacialy decoupled NuSTAR spectra of the NGC 5643
active nucleus (black points) and NGC 5643 X-1 (red triangles).
The upper limits are 1σ errors.
ground spatial pattern has been largely averaged out and
can be considered flat. We thus estimated the constant back-
ground term at R > 250′′ from the AGN. After running
the fitting procedure in each of the 15 energy bands, we es-
timated the flux of both spatial components by sampling
model parameter values over a Gaussian distribution with
the normal sample command in sherpa. The count rates
and the corresponding errors, estimated from the character-
istic values of the distribution (plot cdf), were combined into
PHA files (denoted below with a ’2D’ superscript). Note
that the described 2D-fitting gives the model flux (counts)
for ∼ 100% NuSTAR PSF enclosed energy, since we use a
large fitting area (R < 250′′) around the NGC 5643 nucleus.
MNRAS 000, 1–8 (0000)
4 Krivonos et al.
To generate the corresponding RMF2D and ARF2D re-
sponse files, we ran the standard analysis with the nuprod-
ucts tool for the AGN within the R = 30′′ circle, producing a
spectrum and response files for a point-like source. The RMF
matrix was used as is for RMF2D. The effective area for the
spatialy resolved spectra, ARF2D, was estimated by compar-
ing the AGN 2D count rate (phot s−1, stored in PHA2D) and
the corresponding count rate per cm2 calculated in xspec
with the flux command (phot s−1 cm−2) operated on the
model desribed below. Since the spectrum of the NGC 5643
nucleus reveals typical features of a Compton-thick AGN: a
strong 6.4 keV iron line and a Compton reflection contin-
uum above 10 keV, we applied the pexrav model (Magdziarz
& Zdziarski 1995) commonly used for reflection-dominated
spectra. The model also includes a primary power-law com-
ponent with an exponential cutoff at 200 keV and a slope
Γ tied to the corresponding pexrav model parameter, and
iron Kα and Kβ emission lines. The spectral modeling of
the AGN in NGC 5643 is discussed in detail by Annuar et
al. (2015) and Krivonos et al. (2016, in preparation). Note
that the ARF2D created in this way is model dependent.
We checked that different reflection-dominated models well
fitting the spectrum of the NGC 5643 nucleus produce neg-
ligible deviations in ARF2D.
The 2D image analysis finally resulted in the spectra of
the decoupled AGN and X-1 shown in Fig. 2.
2.2 XMM-Newton
XMM-Newton observations of NGC 5643 in 2009 and 2014
were performed with the EPIC CCD cameras (PN, MOS1
and MOS2), operated in full frame mode with the medium
filter. We performed data processing with the sas v1.2 data
analysis software, applying time filtering for the particle
background.
The data taken in 2009 were affected by soft proton
flares known to be the main source of the high particle back-
ground for XMM-Newton observations. Pintore et al. (2016)
filtered out 78% of the data in 2009 due to background flare
contamination. In our analysis, we considered NGC 5643 X-
1 a moderately bright X-ray source and assumed that it was
not strongly affected by the flares. The point-like shape of
the source, in contrast to the extended faint sources, which
are more affected by high particle background (Pradas &
Kerp 2005), provides support to this assumption. We applied
a moderate time filter RATE < 6.0 (MOS1), RATE < 6.5
(MOS2) and RATE < 50.0 (PN), thus filtering out ∼ 13%
of the data in 2009. We verified that stronger flare filtering
conditions did not significantly affected the resulting spectra
of NGC 5643 X-1. Time filters RATE < 2.5, 3.0 and 13.0
were applied, respectively, to MOS1, MOS2 and PN data
taken in 2014, which contain only one clearly discernible
proton flare, filtering out only ∼ 9% of the total exposure.
Spectra were extracted using a R = 25′′ aperture cen-
tered on the AGN and X-1 for all the cameras. Background
spectra were extracted within R = 100′′ circles located away
from the sources, within the same chip. We used patterns 0
to 4 and 0 to 12 for PN and MOS, respectively. The right
panel in Fig. 1 demonstrates a PN, MOS1 and MOS2 com-
bined 0.5–8 keV mosaic image constructed from the 2014
data set. NGC 5643 X-1 appeared on a CCD gap of the
PN instrument during the observations in 2009. Therefore,
to have a uniform data set and avoid dealing with multiple
cross-normalization coefficients, we excluded the PN data
from the spectral analysis and assumed there were no cali-
bration differences between the MOS1 and MOS2 cameras.
3 TIME VARIABILITY
To check if NGC 5643 X-1 varied over the considered period,
we fitted simultaneously the two XMM-Newton (2009 and
2014) and two NuSTAR (May 24 and June 30, 2014) data
sets with an absorbed (tbabs) cutoff power-law model, al-
lowing free cross-normalizations between the spectra. This
resulted in relatively poor fit statistics, χ2r/d.o.f.= 1.13/695,
indicating that the spectral model has not fully captured
the data (χ2r > 1) and suggesting that spectral changes
of X-1 between the observations are possible. The resulting
best-fit model parameters NH = (0.95± 0.20)× 1021 cm−2,
Γ = 1.04 ± 0.12 and Ecut = 5.7+1.5−1.0 are close to those ob-
tained for the high-quality data set taken in 2014, which
likely dominates the fit. The corresponding 3–8 keV flux
estimates are listed in Table 1. One can see that X-1 bright-
ened in the latest (August 2014) XMM-Newton observation
by a factor of ∼ 2 compared to the previous XMM-Newton
and NuSTAR observations. This level of variability is typi-
cal for this source, as indicated by its long-term light curve
presented in Annuar et al. (2015) and Pintore et al. (2016).
4 SPECTRAL MODELING
In this section, we describe our X-ray spectral analysis of the
XMM-Newton (MOS1 and MOS2) and combined NuSTAR
data covering the 0.5–9 keV and 3–78 keV energy bands, re-
spectively. The MOS1 and MOS2 spectra measured in 2009
and 2014 are shown in Fig. 3 together with the NuSTAR
data points taken in 2014. Since NGC 5643 X-1 has not been
detected above 20 keV, we truncate the plot at this energy
for a more detailed view. Note that although we show 1σ up-
per limits for the two highest energy bins, our spectral anal-
ysis described below uses the actual measurements. Spec-
tral fitting and flux derivations were done using the xspec
package (Arnaud 1996), photoionization cross sections from
Verner et al. (1996) and abundances for the interstellar ab-
sorption from Wilms, Allen, & McCray (2000). We used χ2
statistics for fitting; all quoted errors are at the 90% confi-
dence level.
As a first step in spectral modeling, we analyzed the
NuSTAR data for X-1. We started with a simple power-
law model modified by line-of-sight absorption. The fitting
yielded a photon index of Γ = 2.82 ± 0.35 (Table 2), with
χ2 = 1.23 for 13 degrees of freedom (d.o.f.). This slope mea-
sured in the hard X-ray band is thus much steeper than
the photon index Γ ' 1.6 found in the soft X-ray band
(Guainazzi et al. 2004; Matt et al. 2013), suggesting a high-
energy downturn or a cutoff.
We then fitted the same absorbed power-law model to
the XMM-Newton data taken in two epochs in 2009 and
2014. As mentioned before, the available data do not rule
out that NGC 5643 X-1 went through state changes over
this period of time. Nevertheless, we combined the high-
quality XMM-Newton observations with non-simultaneous
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but unique NuSTAR data to better constrain the high-
energy part of the spectra where a cutoff is expected. An
intrinsic absorption in the host galaxy was added to the fixed
Galactic absorption column density (NGalH = 8×1020 cm−2,
Kalberla et al. 2005) using two tbabs components. For the
broad-band spectra, we also added a cross-normalization
constant between the XMM-Newton and NuSTAR data, fix-
ing the latter to unity. The measured best-fit model parame-
ters are shown in Table 3. The fits are marginally acceptable.
As mentioned above, the hard X-ray data indicate the
presence of a high-energy cutoff (see also Annuar et al. 2015).
We thus next fitted an absorbed cutoff power-law model
(cutoffpl in xspec). This led to a significant improvement in
the fit statistics and allowed us to constrain the cutoff en-
ergy for the combined XMM-Newton and NuSTAR spectra
at Ecut = 7.83
+3.42
−2.04 keV and 4.50
+1.07
−0.67 keV for the first and
second epochs, respectively. The former value agrees with
and significantly improves upon the Ecut = 16.3
+35.9
−9.6 keV
constrain obtained by Annuar et al. (2015) using the same
2009 XMM-Newton and 2014 NuSTAR data sets. Regard-
ing the second epoch, Ecut is consistent with Pintore et al.
(2016) result Ecut = 5.4
+1.0
−0.8 based on XMM-Newton only
data taken in 2014, which is also seen in Table 3. Here, the
NuSTAR data further narrow the allowed range for the cut-
off energy. The Γ and Ecut parameters measured for the two
epochs using a combination of XMM-Newton and NuSTAR
data are marginaly consistent with each other and suggest
a change in the spectral state of X-1.
ULX spectra are often described with a sum of
two spectral components: hard X-ray emission, presumably
emergent from the inner regions of a supercritical accretion
disk, and soft X-ray emission, often attributed to a thick out-
flowing wind. We thus next fitted a two-component, diskbb
plus power-law, model (with absorption), but only to the
XMM-Newton data. The best-fit parameters are listed in
Table 4. This was primarily done to determine which type
NGC 5643 X-1 might belong to in the ULX classification
scheme introduced by Sutton, Roberts, & Middleton (2013)
(see Sect. 5 below). The inner disk temperature of the diskbb
component in the 2014 data was not constrained by the fit,
and so we fixed it at 0.3 keV to be consistent with the follow-
ing spectral analysis. The inferred power-law photon index
Γ < 2 (both in 2009 and in 2014) and low multicolor-disk
temperature kTin < 0.5 keV (reliably measured in the 2009
XMM-Newton observation) put NGC 5643 X-1 into the class
of hard ultraluminous ULX states.
We then replaced the power law for the hard component
by a high-energy cutoff power-law model and applied the re-
sulting diskbb plus cutoffpl model to the XMM-Newton and
combined XMM-Newton and NuSTAR data. This signifi-
cantly improved the fit statistics for the first epoch, both for
the XMM-Newton data alone and for the combined XMM-
Newton and NuSTAR data, with respect to single power-
law and cutoffpl models (Table 3), which suggests a two-
component structure of the ULX spectrum. Note that Pin-
tore et al. (2016) could fit the X-1 spectrum well with just
one broad component, analyzing the same XMM-Newton
data set taken in 2009. We determined the statistical signif-
icance of the soft diskbb component using the xspec script
simftest with 3× 104 trials, and found that the null hypoth-
esis, i.e. no soft component, can be rejected at a 3.3× 10−3
significance level, which corresponds to a ∼ 3σ detection of
the soft component, assuming a normal distribution. We can
speculate that the non-detection of the soft component by
Pintore et al. (2016) might have been mainly caused by their
too strong data filtering (see Sect. 2.2). The spectrum of the
second epoch is dominated by the hard component, and the
addition of a soft multicolor-disk component provides only a
marginal improvement (as also mentioned by Pintore et al.
2016). The corresponding significance of the soft component
estimated as described above is 3.2σ.
We conclude that the diskbb plus cutoffpl phenomeno-
logical model constrains well both the diskbb temperature
and the shape of the hard component, and implies a low
kTin < 0.5 keV, hard photon index Γ ∼ 0.5 and relatively
low Ecut ∼ 2–6 keV. Note that NuSTAR data have low sen-
sitivity to the soft component due to the energy response
starting at 3 keV. Hence, we do not provide estimates of the
luminosities of the spectral components in the 0.2–12 keV
band in Table 3 for joint XMM-Newton and NuSTAR data,
as we do for XMM-Newton data alone.
Power-law spectra with a high-energy cutoff can be ex-
plained as Comptonization of soft radiation by hot electrons.
We thus next tried to describe the hard component with the
compst model for Comptonized radiation from a cloud of hot
gas (Sunyaev & Titarchuk 1980). The resulting gas tempera-
ture is ∼ 2 keV and the Thompson optical depth of the cloud
is ∼20, similar to findings for other ULXs (e.g. Sazonov et
al. 2014; Kobayashi, Nakazawa, & Makishima 2016). In all
other respects, this model is almost indistinguishable from
the previous, diskbb plus cutoffpl, model.
We finally fitted the XMM-Newton and NuSTAR spec-
tra with the multicolor black body accretion disk model
diskpbb with a variable temperature disk profile (Mineshige
et al. 1994), in combination with a soft diskbb component.
The fit statistics are similar to those obtained for the pre-
ceeding two models. The inferred radial temperature pro-
file parameter p is smaller than expected for a thin disk
(p < 3/4, Shakura & Sunyaev 1973), which is consistent
with a radiation dominated accretion disk.
5 DISCUSSION AND SUMMARY
The two long XMM-Newton observations of NGC 5643 X-
1 taken in 2009 and 2014 allow us to compare its spectral
states in two epochs separated by five years. The NuSTAR
data taken 3 and 2 months before the later XMM-Newton
observation, and analyzed here paying special attention to
the separation of the contributions of the ULX and the
nearby active nucleus of NGC 5643, provide a more stringent
constraint on the high-energy cutoff and further information
on the luminosity state of the source.
Our analysis of the XMM-Newton and NuSTAR data
has demonstrated that the spectrum of NGC 5643 X-1 con-
tains two components: i) a dominant hard one, which can
be empirically described as a power law with photon in-
dex Γ ∼ 0.5 and a cutoff at Ecut ∼ 2–6 keV (fitting the
XMM-Newton data by a simple power-law model yields
Γ ≈ 1.6), and ii) a soft one, characterized by temperature
kTin ∼ 0.3 keV if described in terms of multicolor disk emis-
sion. These spectral parameters suggest that NGC 5643 X-1
was in the hard luminous ULX state during these observa-
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Table 3. Best-fit spectral model parameters for NGC 5643 X-1 measured with XMM-Newton and NuSTAR.
Parameter∗ Unit XMM XMM+NuSTAR
0601420101 0744050101 0601420101 0744050101
Epoch 1 Epoch 2 Epoch 1 Epoch 2
Model = TBABS×TBABS×CONST×POWERLAW
NH 10
21 cm−2 0.18+0.40−0.18 1.36± 0.22 0.60± 0.30 1.16± 0.22
Γ 1.66+0.09−0.07 1.60± 0.04 1.78± 0.10 1.61± 0.04
Npow ×10−5 7.80+0.73−0.55 17.64± 0.74 8.14+2.46−1.96 5.33± 0.10
CXMMNuSTAR – – 0.98
+0.21
−0.17 2.90
+0.50
−0.38
χ2r /d.o.f. 1.11/135 1.02/506 1.40/149 1.12/520
Model = TBABS×TBABS×CONST×CUTOFFPL
NH 10
21 cm−2 < 8.22 0.17+0.36−0.17 < 8.22 < 8.22
Γ 1.62± 0.10 0.95± 0.14 1.38± 0.10 0.88+0.15−0.08
Ecut keV < 500 5.04
+1.78
−0.95 7.83
+3.42
−2.04 4.50
+1.07
−0.67
Ncut ×10−5 7.81+0.64−0.30 16.76+0.73−0.36 11.34+2.63−2.25 8.62± 1.30
CXMMNuSTAR – – 0.75
+0.15
−0.12 1.96
+0.30
−0.24
χ2r /d.o.f. 1.12/134 0.94/505 1.20/148 0.93/519
Model = TBABS×TBABS×CONST×(DISKBB+CUTOFFPL)
NH 10
21 cm−2 1.50+2.01−1.33 1.02± 0.45 < 2.77 0.70+0.79−0.65
Tin keV 0.25
+0.15
−0.10 0.33
+0.13
−0.08 0.26
+0.11
−0.08 0.31
+0.10
−0.07
Γ 0.92+0.66−1.75 0.12
+0.53
−0.85 0.51
+0.56
−0.85 0.36
+0.38
−0.57
Ecut keV 6.36
+6.46
−4.60 2.57
+1.16
−0.77 3.57
+2.54
−1.34 2.91
+1.04
−0.76
Nbb 3.77+42.30−3.29 1.03
+2.85
−0.68 2.74
+17.02
−2.20 0.62
+1.71
−0.43
Ncut ×10−5 5.83+2.41−3.08 12.62+3.13−4.77 6.00± 0.30 7.17± 2.00
CXMMNuSTAR – – 0.80
+0.15
−0.12 1.86
+0.28
−0.22
Lbb0.2−12 10
40erg s−1 0.51+0.96−0.28 0.53± 0.22 – –
Lcut0.2−12 10
40erg s−1 1.19± 0.40 2.34±0.35 – –
χ2r /d.o.f. 1.04/132 0.92/503 0.98/146 0.90/517
Model = TBABS×TBABS×CONST×(DISKBB+COMPST)
NH 10
21 cm−2 1.33+2.27−1.18 0.93± 0.25 1.51+2.00−1.10 1.22+0.78−0.54
Tin keV 0.22
+0.15
−0.07 0.31± 0.18 0.25± 0.10 0.28+0.45−0.17
kT keV 2.01+0.62−2.01 1.53± 0.19 1.85+0.42−0.32 1.60+0.18−0.17
τ 17.82+15.34−12.05 23.49
+9.65
−3.09 20.07
+7.73
−3.79 22.13
+4.85
−2.40
Nbb 4.80+76.86−4.39 0.56
+0.60
−0.56 3.41
+58.13
−4.42 0.32
+6.09
−0.30
Ncomp ×10−5 6.50+2.03−3.70 14.28+1.90−1.85 7.51+2.88−2.99 8.02+1.47−2.33
CXMMNuSTAR – – 0.82
+0.16
−0.13 1.87
+0.29
−0.22
Lbb0.2−12 10
40erg s−1 0.48+1.22−0.29 < 0.21 – –
Lcomp0.2−12 10
40erg s−1 1.31± 0.40 2.80+0.35−0.23 – –
χ2r /d.o.f. 1.05/132 0.92/504 1.02/146 0.92/517
Model = TBABS×TBABS×CONST×(DISKBB+DISKPBB)
NH 10
21 cm−2 1.31+1.80−1.30 0.60
+0.80
−0.60 1.27
+1.70
−0.12 0.69
+0.84
−0.64
Tbbin keV 0.24
+0.11
−0.07 0.33
+0.11
−0.09 0.25
+0.11
−0.07 0.31
+0.11
−0.09
Tpbbin keV 3.02
+1.24
−3.02 1.95
+0.40
−0.25 2.53
+0.88
−0.59 2.10
+0.38
−0.30
p 0.62+0.08−0.62 0.78
+0.13
−0.78 0.66
+0.34
−0.08 0.72
+0.27
−0.08
Nbb 3.31+40.57−2.95 0.87
+2.89
−0.60 1.55± 0.62 0.62± 0.35
Npbb ×10−3 0.15+2.80−0.12 3.63+5.77−2.47 1.01+3.05−0.74 1.28+1.48−0.72
CXMMNuSTAR – – 0.80
+0.16
−0.12 1.84
+0.28
−0.22
Lbb0.2−12 10
40erg s−1 0.49+1.12−0.24 0.47
+0.21
−0.24 – –
Lpbb0.2−12 10
40erg s−1 1.20+0.35−0.32 2.40
+0.35
−0.23 – –
χ2r /d.o.f. 1.04/132 0.92/503 0.98/146 0.90/517
∗The model parameters for the power-law, power-law with an exponential cutoff (cutoffpl), multi-temperature blackbody accretion disk
(diskbb), a Comptonization spectrum (compST), and multi-temperature disk blackbody with power-law dependence of temperature on
radius (diskpbb), are shown with Npow, Ncut, Nbb, Ncomp, and Npbb, respectively.
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Figure 3. Upper panels: X-ray spectra of NGC 5643 X-1 measured by XMM-Newton (MOS1 and MOS2 spectra are shown in red and
blue, respectively) in July 2009 (left) and August 2014 (right), and the NuSTAR spectrum measured in May–June 2014 (shown in black
in both panels). Different curves represent results of fitting by the tbabs*tbabs*const*(diskbb+compst) model in xspec. The full model
(solid line) is shown for the XMM-Newton data only; diskbb and compst are shown by dotted and dashed lines, respectively. Lower
panels: the corresponding residuals of the data points and best-fit model in terms of ∆χ.
Table 4. Best-fit spectral model parameters for NGC 5643 X-
1 measured with XMM-Newton modelled in xspec notation as
tbabs*tbabs*(diskbb+powerlaw). The unabsorbed 0.2−12 keV flux
of diskbb and powerlaw components are shown with Fbb0.2−12 and
Fpow0.2−12, respectively.
Parameter Unit XMM
0601420101 0744050101
Epoch 1 Epoch 2
NH 10
21 cm−2 2.00+1.18−1.40 1.36± 0.22
Tin keV 0.21
+0.10
−0.05 0.3 (fixed)
Γ 1.55± 0.17 1.59± 0.04
Fbb0.2−12 10
−13erg s−1 cm−2 2.32+5.20−1.50 < 1.00
Fpow0.2−12 10
−13erg s−1 cm−2 6.34± 0.45 15.49± 0.28
χ2r /d.o.f. 1.04/133 1.02/505
tions, according to the Sutton, Roberts, & Middleton (2013)
empirical classification scheme (kTin < 0.5 keV, Γ < 2).
Pintore et al. (2016) recently carried out a spectral
and temporal analysis of all the available XMM-Newton ob-
servations of NGC 5643 X-1 and suggested that its spec-
trum could be well modeled by a single broad, thermal-
like component, such as an advection dominated disk or an
optically thick Comptonizing corona. In their analysis, the
diskpbb model fitted the data better than a combination of a
soft diskbb and power-law components, suggesting that the
source might belong to the broadened disk class rather than
the hard luminous class in the empirical ULX scheme of Sut-
ton, Roberts, & Middleton (2013). Nevertheless, Pintore et
al. (2016) favored association of NGC 5643 X-1 with the lat-
ter class given the high X-ray luminosity of the source, and
in fact demonstrated that a sum of a hard Comptonization
component and a soft diskbb component led to a somewhat
better fit compared to a single broadened disk model. These
conclusions were mostly based on the 2014 XMM-Newton
data set, for which we obtain very similar results, i.e. the
soft diskbb component is only marginally detected in these
data. However, acccording to our new analysis, the XMM-
Newton data clearly reveal the presence of an additional,
soft ∼ 0.3 keV thermal-like component in the 2009 data set,
which was only briefly discussed by Pintore et al. (2016)
since they had filtered out the bulk of the XMM-Newton
data for that observation.
The 0.2–12 keV luminosity of the source nearly doubled
in the second XMM-Newton observation compared to the
first one, from ∼ 1.5× 1040 to ∼ 3× 1040 erg s−1. However,
this change in luminosity apparently reflects NGC 5643 X-1
variability on a time scale of weeks rather than years, since
both NuSTAR observations took place within three months
before the XMM-Newton observation in August 2014 and
found the source at the same (low) luminosity level as in the
XMM-Newton observation taken in 2009. Most if not all of
this variability can be attributed to the hard spectral com-
ponent. The luminosity of the soft component is consistent
with being constant but the data permit it to have varied by
a factor of ∼ 2 between the observations. We have not de-
tected any significant changes in the shape of either spectral
component.
Similar to other ULXs with high-quality data, the ob-
served two-component spectrum of NGC 5643 X-1 can be
interpreted in terms of supercritical accretion onto a stellar-
mass black hole in a binary system. In this scenario (Shakura
& Sunyaev 1973; Poutanen et al. 2007; Middleton et al.
2015), previously discussed in application to NGC 5643 X-
1 by Pintore et al. (2016), the hard component is emission
from the hot, inner regions of a thick accretion disk observed
nearly face-on, collimated by reflections off the walls of its
central funnel, while the soft component is photons diffusing
out from a massive wind outflowing from the accretion disk,
which is possibly somewhat collimated too (King 2009). If
so, the two-fold increase in the hard X-ray luminosity of
NGC 5643 X-1 observed by XMM-Newton in August 2014,
as compared to the previous XMM-Newton and NuSTAR
observations, may be primarily the result of an increased
beaming (i.e. decreased opening angle of the funnel) caused
by a moderate increase in the accretion rate onto the black
hole.
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